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Introduction

Ever increasing needs for electric power promote the power
engineering growth, for this, the construction of installations
with a high unit output being more profitable,

At present in the USSR turbine sets for various steam condi- /]

gm 'lons are being built and Jdesigned (Table I).

Table 1 —
Steam Conditionsa and OQutput of Turbine Sets Currently
Built and Designed in the U.S.S.R,

Steam conditions before turbine Electric output,

T
pressure, atm, , temperature, °c

Gt bws omp owm]

Mw A
90 535 100 IR
130 565/565 150, 200
240 580/565 30C, 500, 800, 1000

4As can be seen from Table ’ ;

1, the increase in turbine set
output is associated with the increase in tem

perature and pressure
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of steam in use.

Progress in nuclear power development, as well as in conven-
tional power engineering, is based on construction of nuclear
power plants with a high unit output. Furthermore,it is prefera-—
ble to install high quality steam powexr reactors. This makes it
pogsible to use high power turbine sets and to have high effi-
ciency of the nuclear power plant operation.

Uranium-graphite tube type superheating reactors similar to
those of the Beloyarsk nuclear power gstation ( BAX ) meet the
requirements mentioned above completely. A tube type reactor is
in successful operation at the First Soviet atomic power gstation
(1), As to the first reactor of Beloyarsk, transition to
operation at rated power is studied and the secon. reactor is in
the stage of mounting. The first reactor design was described in
a paper submitted to the Second Geneva Conference (2), its
start-up and pilot operation are described in a paper submitted
to this conference (3). The PBAC reactors produce steam at
90 atm, and 500°C.

Various design developments show that transition from high
gteam conditions directly to supercritical parameters with coo=-
lant once-through circuit is more preferable way of developing
T the reactor under consideration. And alternatively, as will be
shown later, it is less desirable to use 130 atm. turbine sets
with intermediete steam superheating,

Technologicel Flowshest Development

The choice of a proper flowsheet ig of importance when con-—
structing higl'Eower plants., In choosing the design of a nuclear
power plant a3 in choosing that of a conventional power plant,
such factors as reliasbility, simplicity and economics should be
the main conslderations, In addition, fluid-tight circuits and
water conditions for nuclear power plant should meet especial
requirements.

The proper cholce of a flowsheet togethexr with construction

1.

problem=z soluticon conesrning the chamnel thermal operation con-

— ditic:.: snanies the react

Q
%

!
1

T power %o be considerably increassd
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without enlarging the reactor over-all dimensions, as is the case
with the BAXC second reactor, where the power was increased
twice as many, compared to that of the first reactor,

Several poasaible flowsheets for uranium-graphite tube type
reactors are shown in Fig.1,

The 100 Mwe BAX  firet reactor is shown in Fig.1a.

Figures 16 and 18 show the BASC second reactor with steam
washing and without it. These flowsheets being somewhat changed
in channel construction permitted to raise the reactor eleciric
output up to 200 Mw. Figs. Ir, 11, 1e and 1® y 8how possivle
desigrsof a supercritical reactor, which allows to raige its
output to 800-1000 Mw., These are considered below in detial,

It is quite natural that once-through tube reactor system is
much Jimpler and less expensive than indirect cycle system with
its additional bulky and expensive heat exchangers, separators,
circulation pumps, fittings and pipes as well as higher coolant
conditions, When using nuclear superheating system and especially
once~through-tube type systems radiation safety of the plant ser-
viced rooms, turbine set in particular, is considerably dependent
upori the reactor desigu, In this connection, the advantages ~f
the BAJ reactors should be mentioned.

Dose rate in the serviced rooms where primary coolant equip-
ment is present, Ior the reactors of this type is determined by
coolant salt and oxygen activity only, as tubular fuel element
construction prevents from fission fragments leakage into the c..l-
ant in case of operation with defective fuel elements, Experime: . is
carried out at the PFirst Soviet atomic power station showed that
from the radioactivity point of view, nuclear superheated steam
may be used provided good water purity in the separators and pro-
per stean separation (4). The BAX first reactor meets these re-
quirements. In the second reactor, due to water multiple circulas-
tion, salt activity build-up and its subsequent transport by steam
to superheating channels and turbine is possible. For this reason,
" in the sgecond reactor carefuyl purification from salts and corro-
sion products is provided., that is, ion-exchangs filters are ing-
talled after the turbine condenser; water blowing from steam sepa-
rators is intensified; feed water quality and condenser grid
plates tightness is to meet more savers requirements,
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All mentioned above is still mcre necessary to provide for
once~-through tube reactor systeme.

Increase in reactor output over 200-300 Mw with overall
dimensions preserved and superheated steam pressure 90 to 100 atm
le not economically attractive, as in this case omne should have
the alternative of giving up the more suitable operation of one
reactor with one turbine (or at least with two) or using a tur-
bine with intermediate steam superheating., The plant layout and
mairntenance become more complex, besides, pipe length is increa-
ged, additional heat exchangers have to be used, steam separa-
tion cost 1s raised, and multiple circulation curcuit resistance
is increased. The enlargement of intermediate superheaters sur—
face results both in rise of their cost and in increase in corro-
slon products amount in the circuit, thus the plant water condi-
tions being worsensd.

The reactor outpu?’ can be considerably increased when tran-
sition to supercritical steam is mades In this case the plant
flowsheet 1s subsgtantially simplified, as there is no need for a
circuit with coolent multiple circulation, circulation pumps and
separators., When using supercritical coolant, burnout and hydro-
dynamic instability in fuel channels are eliminated.

One of possible designs of supercritical nuclear power plant
Js shown in Fig.1r. Feed water i= transported from ths deaerator
to the channéls of the firet group where superheated steam is
yroduced. One part of this steam is fed to the external interme-
diate puperheater, and the other passes through a throttle device
to the main st‘ampipo and then to the turhine. Supercritical pre-
gsure steam 1s fed from the intermediate superheater to the reac-
tor fuel channels, of the second group,where it is heated up to a
predetermined temperature and also goes to the turbine. To make
the plant operaticn more reliable at transients, a temperature
regulator is installed behind the intermediate superheater on the
side of heating steam.

The power plant design similar to that under coneideration,
but without higl. pressurs heaters, which can be excluded to reduce
the amount of corrosion products in the circuit, is shown in
Fige ij.

o9
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Without high pressure regeneration the plant efficiency is
lowered by 1.5% as compared with the design shown in Fig.1r but
in this case the plant water conditions are found to be congide-
rably improved.,

The plant design with the turbine having double intermediate
steam superheating is shown in Fig.1e. The need for superheated
steam throttling after the channels of the first group is elimi-
nated. All steam passes from intermediate superheaters to the
channels of the second group and then to the turbine,

A most promising is a supercritical once—through tube reac-
tor system with one group of fuel channels and wi thout intermedi-
ate steam superheating (Fige 12 ). The turbine set used consists
of three stages: the first one uses supercritical steam, two
others operate on saturated steam, To remove moisture from the
steam at the low pressure cylinder inlet it ig necessary to have
a separator,

The possibility of further development is not limited of
course to the nuclear power plant designs with supercritical urge .
nium-graphite tube type reactors considered above, Plant economic J
characteristics, and firstly, the estimated cost per kilowatt are
. affected by the unit power rise and proper choics of a flowsheet,
The reactor power output is directly dependent upon operating

conditions of evaporating and superheating channels,this is con-
s8idered below.

Evaporating Channels Operating Conditions

Fail-gafe operation of evaporating channels can be achieved
under conditions of absence of critical heat fluxes in fuel ele-
ments and of coolant flowrate pulsations between and inside the
channels., In designing the BAY firat reactor several experi-
ments have been carried out to study water boiling conditions in S—
— small diameter tubes (2),
For the second BAC reactor in connection with its output
rige; th: inner diameisr of the fuel element tizheg was increased
from 8.2 up to 10.8 mm and a8 a result, an additional eXperiment
on burnoul heat fluxes in amal/ diameter tubes was required.

309 ==
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The experiments were carried out ir?nelectrioally heated
installation on tubes 10,4 mm i.d. and 3.8 m long. The depen-
dence of steam volds upon mass flow rate for various heat fluxes
under the conditions of burnout hes* flux at a pressure of 150
atm. is shown in Fig.2. During experiments the burnout was de—
termined by step increase in tube wall temperature,

The investigations made at different pressures and identi-
cal thermal loads, steam voids and coolant mass flow rates
showed that the lower coolant pressure, the higher wall tempera-
tuxre unaer burnout heat rlux, At the same time, it was found
that with decreasing coolant pressure, the burnout heat flux
void inoreasea,

In addition, the installation with electrically heated chan-
nel modulating the BASC reactor flowsheet was used to study
hydrodynamic stability of coolant flow rate along parallel
channel tubes under boiling conditions at pressure of 20-150atm,
flow rate of 500-5000 kg/hr and channel power of 50-800 kw.

During experiments flow rate pulsations were found to exist
at small (up to 5 wt.-%) and large (over 40 wt.-%) steam voids.
In the last case pulsations ceased with increase in flow rate or
pressure, Thus, at coolant flow rate of about 1500 kg/hr, pres-
sure of about 40 atm and output of 400 kw flow rate pulsations
occurred at steam void of about 40 wt,-% and at pressure of
60 atm, the other conditions being the same, they occured at
stean void 80 wt.~-%.

As experiments showed, flow rate pulsations at high steam
void are not dangerous for the FASC type reactors, as the nomi-
nal pressure in the evaporating circuit is notless than 50 atm,
steam vold at channel outlet being not greater than 35 wt.-%.

In Fige.3 the experimental curves obtained in the installa-~
tion are shown, and represent the boundary between hydrodynami-~
cally stable region of flow rates in the channels and a region @ |
of pulsations ocamred in the evaporating channels at low coolant
steam vold. The curves sare plotted as coolant flow rate versus
pressure at various outpuis of svaporating channels. The curves
shown in Fig.4, also determine the regions of stable and unstable
Tiow rates in the chaumels but here as coolant flow rate versus

Ve -6~ .
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steam void at the channel outlet when channel power changes from
50 to 800 kw. It was found that curve positions practically do
not depend upon coolant pressure. Stable channel flow rate regi-
ons, Figs.3 and 4, are above the corresponding curves for the
evaporating channel. As can be seen from Figs.3 and 4, with
increase in the channel power stable flow rate region decreases.

When the flow rate pulsations are present in the channels,
the tube temperature oscillates the oscillation frequency coinci-
ding with the flow rate pulsations., When the pressure rises,
amplitude of temperature oscillatiomia.nd coolant flow rate pul-
sations decreased. Just the same result was observed when thermal
load is decreased or when the coolant flow rate through the
channel is increased, Thus, at coolant pressure of 50 atm and
channel power of 200 kw the temperature oscillation amplitude is
65°C at flow rate of 1000 kg/hr, and only 30°C at flow rate of
1500 kg/hr.

The experimental determination of burnou® heat flux and flow
rate pulsation conditions enable the BAXL 2 reactor evaporating
channels to be chosen correctly as far as their operating condi-
tions and their possibilities are concerned. In this reactor,
coolant flow rates are distributed in such a way as to provide
identical burnout safety margin for the most dangerous channel
section taking into consideration the steam void and thermal loa
changes over the channel length rather than to be proportional *
channel power, This coolant flow rate distribution makes it
possible to increase somewhat the average steam void at the re:.c-
tor outlet. Thus, at 27 wt.-% steam void at the outlet of the
most loaded central evaporating channels,the steam void at the
peripheral channels outlet can be increased up to 35%, this gives
the average steam void at the reactor outlet 31%.

The BAX gecond reactor evaporating chsnnels consist of
fuel element tubes with a larger diameter than thest in the first
reactor to reduce thermal loads and circuit flow friction., Rva-
porating fuel elements of the FA2C first reactor have the inner
tube of 9.4 x 0O¢6 mm and the sscomd reactor elvments have
12 x 0.6 mm tube, the outer diameter of 20 mm being the same,

In vhe second reactor channels the diameter of the centiral tube

-7 =
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with coolant is also somewhat increased. As o the rest, the
design of the PASC  first and second reactor evaporating chan-
nels is identical. As fuel in the evaporating channels of both
reactors U-Mo alloy 1s used with Mg as a filler to make a thermal
contact, The characteristics of the evaporating channels are pre-
sent®dn Teble II.

Table II

Evaporating Channels Characteristics

|First (BAX I | BAX 2 reactor
!Atomic ' " T 7 ! !
y Power ;reactor! zone, 2zone, z0me, zone, z0ne
!Stationi " I " II ! III! IV ' v
 Reactor, ) ' ' ' '
Channel power, kw 300 405 771 634 61T 545 517
Coolant flow rate
through the channel,
kg/hx 2500 2400 5500 4700 4150 3550 3250
Steam void at chan-
nel outlet, % - 33.6 27.6 29,3 30.5 32.1 34.2
Pressure at channel
inlet, atm 100 155 - - 155 - -
Pressure at channel
outlet, atm 98 150 145
Coolant temperature
at channel inlet, 9C 200 300 303

Coolant temperature
at channel outlet,
o¢c 290 335 338

] Maximum thermal
load (kcal/m2hr). 10'6

Circulation rate

1.8 0.5 0.8 0.7 0.6 0.5 0.5

m/eec 4 305 406 400 305 300 2.7
Maximum temperature,
OC; tube innexr wall 324 355 365
- fuel 382 400 415
Burnout heat flux -
U Max. heat flux 2 1.85 1.9 1.9 2.0 1495
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Superheating Channels Operation Conditions

Superheating channels of nuclear superheat reactors are the
most loaded parts of the reactor atructure as they operate at
higher temperature then evaporating channels. High operating tem~
peratures of superheating channels limit the choice of nuclear
fuel and structural materials.
The design of the BAX superheating channels somewhat
differs from evaporating channel design, although the fuel ele-
ments are there of the same size as in the evaporating channels,
According to the initial design of superheating channels steam
went through the channel central tube and its superheating was
fulfilled when it went through six fuel elements. Then a U-shaped
design of superheating channels was developed (Fige5). The dim-
tinciive feature of the design is that it steam ie superheated
there in succession: first when it moves through three fuel ele-
ments downwards and then when it goes upwards through the follo~
wing three fuel elements. The U-shaped design of channels
differentiates temperature cperating conditions of upstream and
downatream fuel elements, and this makes it possible to use more
simple and less expensive evaporating channel elements as down-
gstream elements. U-shaped design with successive superheating
enables also the temperature of the reactor graphite stack to be
lowered. Thus, the transition from the initial design of super-
heating channels to a U~shaped design lowers the graphite stecx
temperature by about 100% (at channel power of 360 kw.) Graphiie
temperature is lowered due to »emoval of heat generated in the
graphite stack by U-shaped channel downstream fuel elements
having relatively low temperature. Graphite temperature decraase
favourably affects the graphite operating conditions and teactor
physical characteristics, the latter being somewhat improved with
decreaping in neutron gas temperature. At last, using U=-shaped
superheating channele the central tube is eliminated, as a result, =
the amount of steel is reduced in the reactor core. Fine-control
pin is inetalléacc)l in place of the central tube, which enablesg fuel -
channels powex be flattened to some extent,
Upstream guperheating elements degign and dioxide uranium-
baged fuel ensure steam superheating up to SOOOC, this is |

-9 -
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confirmned by loop~tests on the first power plant reactor (4).
The DAY superheating channels characteristics are lis-
ted in Table III.
Table III
Superheating Channels characteristiics

BAX I } BAX 2 reactor

]

reactor idownstream jupstream
fuel  fuel

»_elements ielements

e oy tp cew s

Maximum channel power, kw 368 767
Hinimum channel power, kw 202 548
Steam flow rate through
maximum power channel, xg/hr 1900 3600
Steam flow rate through
minimum power channel, kg/hr 1040 2570
Channel inlet pressure, atm 110 132 124
Channel outlet pressure, atm 100 125 110
Channel inlet steam o

temperature, C 316 328 397
Channel outlet steam o

temperature, C 510 399 508
Maximum thermal load -6

K/cal/mehr,10 0.48 0.82 0,68
Maximum steam velocity,

m/sec 57 76 112

Maximum temperature, °c:

tube inner wall 530 426 531

fuel 550 482 565

graphite 725 735

U-shaped superheating channel is a variant of multipass
channel where the coolant passes 8 number of fuel elements in
succegaion. Coolant passage in succesaion ensures different tem-
perature operating conditions for fuel elements and msakes it
possible to sume extent to change these by a proper choice of
power of fuel elemenis operaiing in meries. Thug, for a multipass
channel a number of more important and complex fuel elements
located only at the coclant outled leg is grsatly reducsed. As to

306 - 10 ~
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‘the rest regions of coolant passage, more simple and less expen~

give elements can be used, The advantages of multipass channels
can be more clearly seen while using supercritical once-through
gystem,

Locations of fuel Channels in the Reactor Core

The use of evaporating and superheating channels operating
under different temperature conditions is associated with the
problem of their proper distribution in the reactor core, The
most guitable for start-up and shut-down cooling conditions 1s a
mixed distribution of different channels, as it ensures heat
transfer from superheating to evaporating channels, this facili~
tating the both channel operation conditions at both regimes
mentioned. The location of superheating channels at the periphe-

"y ot the core increases the member of the channels, but pres-
Bure losses in the steam pass are reduced, Temperature operating
conditions of fuel elements and graphite stack are almost not
affected by the channel location. Thus, when superheating chan-
nels of the BAX 1 reactor were located in the centre or at the
core periphery maximum temperature of the fuel elements differed
only by 20°C, and graphite stack maximum temperature differed

by 60°c.,

In the PBAX 2 reactor superheating channels gre located
in the centre in rows (Fig.6), this, together with fine regula-
tion pins contributes to flattening of energy release distribu- .
tion over the reactor radius, Non-uniformity of energy release |
distribution over the second reactor radius is reduced to 1.3, —
while &t the first reactor it amounts to 1,4. Thermal neutron
distribution which defines energy release over the second reactor
radius and is rathg%u% that which exists at the end of the core
life to fuel burn-up non-vniformity, is shown in Fige7. Thermal
neutron distribution over the BA3C 2 reactor height is shown
in Fig.8. The distribution distorticn with core life is due to
nonuniform uranium burn-up,

Supercritical once~through tube reactors, where all the
chamnels operate under similar conditions, énergy release digtri-
bution required can be achieved by = suitabls distribution of
- 11 —
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oontrol rods and burnable poison,

Conclusion

Some possibilities of development of uranium-graphite nuc-
lear superheat reactors of the BASC type are considered., Tran-
Bltion from the dual cycle design of the BA3C 1 reactor to a
direct cycle design and some modification in fuel channel const-
ruction made it possible to uncrease the BAC 2 reactor power
up to 200 Xw (5). Much greater progress can be achieved with
this type of reactors while using supercritical coolant. In this
case heat exchange and flow hydrodynamics are considerably impro-
ved, this together with once through system enables the reactor
net power output to be increased to 800-1000 Mw, practically
with the same core dimensions, as those of the BAX reactors,
With once-through uystem the advantages of multipass fuel chan-
nels mentioned above can be revealed more clearly both from the
view.point of graphite stack and fuel element. temperature opera-
ting conditions and a Trelatively small amount of structural mate-
rials in the core. Calculations show that uranium enrichment of
5% can provide a burn-up equivalent to power production of 40000+
~-45000 Mwd/ton of U,

Increase in reactor unit power overall efficiency and ura-
nium burn-up greatly improve the nuclear plant economic charac-
teristics, both .. the estimated kilowatt and erectric power
production cost.

It is easy to change the core composition in uranium-grap-
hite tube type reactors due to removable fuel channels, This
enables to use modifisd fusl channels and fuel elements in reac-
tor subsequent reloadings, particularly, to use structural mate-
rials with low cross-section and fuel compositions with low
non-productive neutron absorption.,

As the reactor core is in hermetically sealed vessel, it is
poseibls not to use fuel element antifragmentary cladding, this,
on ths one hand, makes it possible to remove gas fission pro-
duots Irom the core and, on the other hand, substantially raduces
(approximately by 30%) the amount of steel in the core. I% ia

303
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ovident that this modification will greatly improve neutron
balance and other reactor charactaristics.

Power of uranium-graphite tube type reactors can be inocre-

ased without any limitations. Thus,with incremse in the core dia-
meter by 35-40% reactor net output can be raised to 1500 Mw,

1.

2e

3o

4,

D¢
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Pig. 1. Poseible flowsheots for uranium-graphite tube
type nuclear superheat reactors.
1 - reactor; 2 -~ separator, } - astear generator
heater, 4 — stean generator evaporator, 5 - cir-
culation pump, 6 - feed pump, 7 - turbine,
8 - intermediate superheater, 9 -~ feed pump,
10 ~ throttle device, 11 - water injection,
12 -~ condensate purification, 13,14 - low and
high pressure regenerative heaters.
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Fig, 2. Burnout heat flux steam voids (by wt.) versus mass
flow rate at constant specific thermal lgad
P = 150 atm, gin= 1004 mm . 1 - q=0.31.10 ; 6
2 - q=0.45.10 H 3 - q=0064c 106; 4 - q=0.94o10 H
5 — q=1428.106; 6 - q=1.62.10° Kcal/m2nr.

Coolant pressure, kg/c'm2

S

o 2000 3506 “a00 s

Coolant flow rate in the channel, kg/hr

Fig. 3. Channel coolant pressure versus coolant flow rate at
the channel power: 1 - 800 kw, 2 =« 400 kw, 3 - 300kw,
4 - 200 kw, 5 - 1000 kw, 6 - 50 kw., Curves represent
the boundaries betwsen hydxrodynamically stable and
unstable flow rates. Blackened points correspond to

— conditions without pulsations.
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Fig.5. U-ghaped super-
heating channel
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- upstream fuel

Uixture steam void at the oXannol outlet ( x chan,) %
S
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Fige4. Channel steam voids (by wt.) versus coolant
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flow rate at the channel power: 1 - 800 kw, element,
2 - 400kw, 3 - 300kw, 4 - 200kw, 5 - 100kw, 6 -50kw, -~ downstream fuel
Averagal curves representing the boundaries of element,

8table and unstable flow rates. The region of stable
flow rates through the chanmel tubes is located above
the corresponding curves., (The curves are plotted on
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Fignres to paper "Development of Superheating
Powsr Reactors of Beloyarsk Nuclear Power
Station ( BAX) Typen

Fig. 1, Possible flowsheets for uranium—graphite tube type nuc-
lear superheat reactors,
1 = reactor, 2 - separator, 3 - steam generator heater,
4 - gteam generator evaporaior, 5 - circulation pump, 6 - feed
pump, 7 - turbine, 8 - intermediate superheater, 9 - feed pump,
10 -~ throttle device, 11 -~ water injectior, 12 - condensate pu-
rificgtion, 13, 14 - low and high pressure regenerative heaters.

Fig., 2, Burnout heat flux steam voids (by wt.) versus mass flow
raté at constant specific thermal load P = 150 atm,

dyp = 104 mmi § - q - 0.31.10°, 2 - q = 0.45.10°; ) = a=0.64.10

4 - q =0.94.10"3 5 = q = 1.28.10°; 6 ~ q = 1.62.10°Kcal/mehr,

b

Fig. 3. Channel coolant pressure versus coolant flow rate at the
channel power: 1 - 800 kw, 2 ~ 400 kw, 3 - 300 kw,

4 - 200 kw, 5 - 1000 kw, 6 - 50 kw, Curves represent the bounda-

ries between hydrodynamically stable and unstable flow rates.

Blackened points correspond to conditions without pulsations,

Fig. 4. Channsel steam volds (by wt.) versus coolant flow-rate at

the channel power: 1 ~ 800 kw, 2 - 400 kw, 3 — 300 kw,
4 - 200 kw, 5 - 100 kw, 6 - 50 kw. Averaged curves representing
the boundaries of stable and unstable flow rates. The region of
stable flow rates through the channel tubes is located above the
corresponding curves. (The curves are plotted on the basis of
experimentel resulis for steam voidsg corresponding to conditions
without pulsations,at different coolant pressures and flow ra-
tes),

Figs 5. U-shaped superheating channel.

1 = upper end cap, 2 — packing rings, 3 - temperature
compensgator, 4 - absorber pin, 5 - lower end cap, 6 - upstream
fuel element, 7 - downstream fuel element.,

Flg., ¢, Locations of Channels in the core. Number
[0 — evaporating fuel channelg - 732
@ -~ superheating fuel chennels - 266
= 18 -
299
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© - shim rod channels

W - scram rod channels

- automatic-control rod channels
Vv -~ counting chgmber channels

() - starting ohamber channels

QO ~ ionization chamber channels

- 80
- 16
- 4
- 2
- 4
- 30

Pig. 7. Thermal neutron distribution over the reactor radius,

Mg, 8. Thermal neutron distribution over the reactor height.
1 - at the beginning of the core lifetime,

2 - at the end of the core lifetime.
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